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INTRODUCTION AND SUMMARY

A. Program Objectives

The general objective of this program has been to design a
switch suitable for use in inductive energy storage (IES) power supplies.
Within this general objective, there are six primary tasks. These tasks
are described in detail in the Statement of Work and in Hughes Proposal
72M-2079/C6337 and are directed toward the design of an IES switch
for operation at the following performance levels:

100 kV - Peak voltage
20 kA Peak current
5 Hz PRF
The six tasks are listed below for reference.

Task 1. Evaluate various bypass switch mechanisms,

taking into consideration size and weight, probability of
3 successful operation at the required performance levels,

' and flexibility with respect to higher PRF operation.
Task 2. Design the selected bypass switch for operation

at the above levels. Determine its size, weight, dissipa-
tion, and auxiliary power requirements.

Task 3. Design an interrupter tube for operation at the
above levels. Determine its size, weight, dissipation,
and auxiliary power requirements.

#

Task 4. Perform a thermal analysis of the complete
] switch system to ascertain the cooling system size,
weight, and auxiliary power requirements.

1 Task 5. Determine the range of operating parameters for
the complete switch.

- Task 6. Study the various ways in which modules can be
3 interconnected to achieve still higher total system power
‘ levels. Investigate the tradeoffs between capacitive and
inductive systems.

Table I-1 lists the location of each of these tasks in this report.



TABLE I-1

Location of Tasks Within Report

Task Subject Section Subsection Page
1 Bypass Switch II A&B 10-23
Evaluation and
Selection
2 Bypass Switch Design II C 23-32
II E&F 48-68
3 Interrupter Tube III B 90-103
Design
4 Thermal Analysis II C 23-32
II E&F 48-68
III B 90-103
Iv A 108
5 Scaling Studies II E&F 48-68
III B 90-103
6 System Concepts and A% A&B 115-123
Specifications VI A-D 123-133
B. Technical Approach

The Hughes approach to IES switching is based on the parallel
connection of a low dissipation bypass switch for inductor charging and
the Hughes interrupter tube for forced current interruption. The cir-
cuit arrangement is shown in Fig. I-1 where V represents the high
current, low voltage power supply, L is the energy storage inductor,
B is the bypass switch, and I is the interrupter tube. The reason for
the two-component switch approach is because it is considered highly
unlikely that a single component can be developed which satisfies the
dual requirements of low dissipation inductor charging and high recovery
rate forced current interruption.

The bypass switch consists of two discrete components. The

first (and major) component is the mechanical switch which allows the
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Basic Inductive Energy Storage Circuit
Showing Two Component Switch. B Repre-
sents the Bypass (Inductor Chargingg
Component and I Represents the Inter-
rupter Tube.
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inductor to charge during the interpulse period. The second is an
electronic switch which closes at the end of the load pulse (after the
inductor has delivered a portion of its energy) and conducts current
until the contacts of the mechanical switch reclose (typically 750 psec)
(thereby saving the residual energy in the inductor). The latter elec-
tronic switch (hereafter called the recloser) is desirable with an IES
system because only a fraction of the stored energy can be delivered
to the load with acceptable current droop.

The high voltage direct current interrupter tube is patterned
after interrupters built by Hughes for HVDC circuit breaker service.
These tubes have been tested at the 100 kV, 2 kA, 2 kV /psec level.
This tube is the only known component inherently capable of HVDC
interruption (i. e., without the use of commutation circuitry).

Figure I-2 shows the sequence of switching operations. At time
zero, full circuit current IO is flowing in the mechanical switch and the
contacts part. It takes apout 900 psec for the contacts to open fully,
during which time the full current is carried in the arc mode. After
900 psec, the generated arc voltage is sufficient to transfer current
into the shunt interrupter tube and the contact spacing is sufficient to
hold off the full load voltage. Current flow in the mechanical switch
then ceases and deionization occurs during the 100 psec when the inter-
rupter tube is conducting. The interrupter tube then switches off and
the current flows into the load. After the required load pulse period of
250 usec, the recloser is triggered which crowbars the load and con-
ducts the circuit current for 750 wsec until the mechanical switch con-
tacts close. The coil is then recharged during the interpulse period of

200 msec and the cycle is repeated.

C. Output Pulse Waveform

When a current-carrying inductor is connected to a constant

voltage load, current decreases at a constant rate equal to the load

voltage divided by the inductance. The Statement of Work does not
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specify the maximum allowable current droop at the end of the 250 usec
pulse, but implies that the current droops to zero, because it is stated
that the inductor is recharged frcm zero current in 200 msec. This
does not appear to be an attractive mode of operation because the load
may not operate below a critical current level. If this is so, the energy
remaining in the inductor when this critical current is reached will

only produce heat in the load and the prime power supply will have to
make up these losses every cycle, calling for a higher average power
supply.

We have therefore assumed a maximum allowable current droop
of 30% (14 kA after 250 psec). This means that the inductor will still
contain 50% of its energy after every pulse. This reduces the prime
power by 50% but increases the stored energy in the inductor by a factor
of two. It also requires use of the recloser which crowbars the load
after 250 psec, which would otherwise be unnecessary. Nevertheless,
the advantages were deemed to outweigh the disadvantages, and this
mode of operation has been assumed throughout this report. Based on
this mode of operation, it is shown in Section V that the inductor stores
850 kJ (Statement of Work specifies 1 MJ), each load pulse delivers
425 kJ, and the average system power at 5 Hz is 2. 125 MW.

D. Summary

We will now summarize the results of the design study of this
Phase I program and relate them to the goals listed in the Statement
of Work. This is best accomplished with reference to Table I-2. Those
items at variance with one another are discussed below.

At the request of the Air Force, every attempt has been made to
develop 2 switch which has the capability of PRF's in excess of 5 Hz.
This has been accomplished. However, every operation produces
dissipation, requires auxiliary drive energy, and causes erosion of
the mechanical switch contacts. Because this dissipated power is not
removed on a continuous basis, it must be expected that high PRF

operation will allow correspondingly shorter operating periods.




TABLE I-2

Statement of Work Goals and Phase I Design Results

Item Statement of Phase I ~Somment ':'
Work Design - R
Peak voltage 100 kV 100 kV
Peak current 20 kA 20 kKA
PRF <5 Hz <50 Hz
Dissipation/shot <5 kJ 16.6 kJ
, On time at 5 Hz 1 min 1 min
100 kV, 20 kA 3
. . : 3
é‘gieréﬁi‘g‘;‘sfr ° 50, 000 50,000 | With maintenance
Weight 70 1bs 487 1bs Excluding cool-
d ing, auxiliary
3 power supplies,
| , controls, and
cables
High altitude operation required OK
1l Recovery time <40 psec 5 pusec +

A calculation of the energy dissipated per shot has yielded a
number larger than the Statement of Work goal. It does not appear i
feasible to significantly reduce this dissipation level. At a system j
power level of 2.1 MW, however, a system efficiency of >95% is still
attained at 5 Hz.

The switch weight of 487 1b is considerably higher than the

3o ko

Statement of Work goal of 70 1b. It must be emphasized, however, that
it the weight of the other components of this system will not include high

voltage commutation capacitors. Systems utilizing the forced commu-

tation principle will be much heavier on an overall basis when the




weight of the commutation capacitors are included. This program has
resulted in a complete switch system design weighing 1000 1b, with

components occupying 40 ft3, and requiring 7 kW of auxiliary power.

E. Report Organization

Sections II through V are devoted to an IES switch and system
operatingatthe conditions previouslydescribed. SectionsIIandIIItreat
the design of the bypass switch and interrupter tube respectively.
Section IV considers the switch as a complete system, including heat
exchanger, auxiliary power supplies and controls. Section V contains
an analysis of the IES modulator along with size and weight estimates.
Section VI looks at the tradeoffs between IES and capacitive energy
storage (CES) at both 5 and 50 Hz, and Section VII contains the conclusions

and recommendations for future work.
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BYPASS SWITCH

The bypass switch serves the inductor charging function and
consists of two discrete components. The first (and major) component
is the mechanical switch whereas the second is electronic (called the
recloser). The recloser is a commercially available triggered vacuum
gap which shorts the load at the end of the pulse to allow the inductor
to recharge from a nonzero initial current. It also serves as a pro-
tective crowbar in case of a load fault., The recloser is discussed in
detail in Section II-F. The discussion that follows, as well as Sec-
tions II-A through II-E are concerned exclusively with the mechanical
switch.,

During the charging period, when energy is stored in the induc-
tor, the mechanical switch is closed and must be able to carry the full
inductor current without excessive heat generation. At the beginning
of the energy delivery period the mechanical switch is opened. The
contact separating time must be very short (< msec) so that arcing,
which produces heat and which leads to contact erosion, is minimized.
Once the contacts have fully separated, the current is transferred to

the parallel connected interrupter tube., This tube conducts the full

current for about 100 psec, allowing the mechanical switch to deionize.

Thereafter, it is turned off so that the current transfers into the load.
Accordingly, the mechanical switch must be able to withstand the full
voltage generated across the load after this recovery period. Finally,
after the energy has been delivered to the load and the recloser trig-
gered, the mechanical switch closes again. This also must be accomn.-
plished as quickly as possible so that arc heating and erosion in the
electronic recloser is minimized.

It is evident that the performance required of the mechanical
switch is very demanding and that a careful choice of a suitable con-
figuration must be made. In Sections II-A and II-B, a description of
several alternative approaches will be given and reasons will be pre-

sented for the selection of one specific configuration. Once these




reasons have been discussed, we turn to a conceptual design of the
mechanical switch in Section II-C, to provide an overview of its basic
features and explain its operating principles. Some key facts relating
to the drive mechanism and arc chute were unknown about the design
and unavailable from the published literature. This prompted two
experiments which are described in Section II-D. A detailed design of
the mechanical switch, based on both analysis and the results of these
experiments is given in Section II-E, and a complete set of specifica-
tions for the bypass switch {(mechanical switch and electronic recloser)

is given in Section II-G.

A, Contact Environment

Among the desirable characteristics of the gaseous insulating
medium is a high voltage withstand capability. This involves an
important tradeoff because minimum contact separation lowers the
acceleration requirements during contact opening and closing. In
millisecond opening and closing times, acceleration forces can easily
reach the strength limits of the contact materials. A second essential
quality is short recovery time. About 100 psec after arc extinction, the
electrode gap must be able to withstand the full circuit voltage. A third
characteristic of importance is low viscosity. For millisecond open-
ing times, the acceleration necessary to overcome viscous forces can
add considerably to the stress levels in moving contacts. Also, addi-
tional energy is required to open and close the contacts. For these
latter reasons, oil was eliminated from consideration as an insulating
medium. The choice therefore narrowed down to vacuum and pressur-

ized gas.
1. Vacuum

High vacuum is well known for its high voltage withstand
capability and its short recovery time (with suitable contacts). Fig. II-1
shows the dependence of the voltage withstand capability between arced

electrodes as a function of gap width. It can be seen that a gap of about
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2 cm is conservative for a voltage holdoff of 100 kV. The recovery
time of a vacuum gap is a somewhat complex matter, depending upon
such parameters as gap width d, electrode area A, current change
rate dI/dt during commutation and also electrode material. According
to Voshall1 these dependences can be represented by a single, normal-
ized characteristic for each electrode material. In Fig. II-2 the
permissible, average rate of voltage application dVv/dt (which is

directly related to the recovery time T through the relation
r = V/dV/dt

whereby V is the applied voltage) is represented as a function of the
parameter dl/dt - dz/A.

Consider the use of a vacuum interrupter as the mechanical
switch. Using the Hughes low voltage commutation technique, the cur-
rent could be driven to zero with an acceptable I of 500 A/psec. This
would require an interrupter tube conduction time of 40 psec. Using a
vacuum interrupter of 200 cm2 electrode area and 2 cm electrode gap,
recovery would take (from Fig. II-2) 50 to 100 psec (at 1 to 2 kV/psecj.
This would require a total conduction time of the interrupter tube of
90 to 140 psec which is undesirable. (Shorter conduction periods
decrease dissipation and increase life. Furthermore, high current
density, high recovery rate interrupters can experience transient gas
depletion at conduction times in excess of 100 psec.) Thus, the rela-
tively long recovery rate coupled with the poorer dielectric strength of
vacuum relative to high pressure gas (see Section II-A-2 below), rule
out the use of vacuum as a contact ambient.

For completeness, consideration was also given to the contact
opening mechanism. Basically, there is a choice between mounting the
contact drive mechanism inside a rigid vacuum envelope and, on the
other hand, using a flexible bellows to actuate the moving contact from
the outside. The former approach has been pursued by the Ontario

Hydro Research Laboratories (Canada) with the intent of providing an
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electrodynamically driven, fast opening (1 msec) vacuum interrupter
for use as a synchronous circuit breaker in the utility industry. How-
ever, this approach has been abandoned recently, presumably because
of difficulties in achieving satisfactory high vacuum conditions in the
presence of an internal electrodynamic drive coil.

The second approach is utilized in all conventional vacuum inter-
rupters. At present, these devices are limited in their opening times
to a minimum of 3 to 5 msec. Such a long arcing period of 20 kA is
unlikely to result in a life of 50, 000 operations. The question arises
whether, through some modifications, vacuum interrupters could be
made to open in shorter times. The difficulty in achieving this rests
with stress problems in the bellows. As the movable contact is accel-
erated, a stress wave propagates along the bellows. The stress level
S created by this wave is proportional to the speed v, at which the con-

b
tact moves. For a welded bellows (Fig. II-3), the relation between S

(

and vy, can be expressed by

1/2
L S
Vb 3Ep)

<R

1
B

where

and a and b are the outer and inner bellows radii, respectively, E is

the modulus of elasticity and p is the density of the bellows material.
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Fig. 8.
Welded Bellows for Vacuum
Interrupters.
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If we consider a bellows with the dimensions a = 3 cm and

b = 2 cm, made of stainless steel (E = 2.9 x 107 PSI = 2 x 1012 cgs,
p=7.8 g/crn3) and if we assume a peak permissible stress level of
S=9x 104 PSI= 6.3x 1010 cgs, the maximum permissible contact

speed becomes about 7 x 102 cm/sec. Therefore, to separate contacts

a distance of 2 ecm requires at least 3 msec. If a high strength steel

i e e

(S=1.6x 105 PSI=11x 1010 cgs) were substituted for stainless steel,

the contact opening time could be reduced to about 1. 5 ms. An opening

e
o A

time of 1. 5 msec is still considered too long for the application under

discussion.

2 Pressurized Gas

The above described shortcomings of vacuum insulation

suggest that alternative insulating media be considered. Figure II-4
shows the voltage withstand capability of N2 and of sulfur hexafluoride as
a function of gap width for various pressures. It can be seen that for compa-

rable pressures, SF6 is far superior. Taking into account that the contact

surfaces of the mechanical switch are rounded and the holdoff voltage '
therefore is less than that shown in Fig. II-4, a gap of 1 ¢m should
conservatively withstand 100 kV at a pressure of 2 atm of SF6.

Sulfur hexafluoride is superior also with respect to recovery
times. Figure II-5 shows data collected by J. F. Perkins and
LiB, Brwit o the recovery of gas blasted arcs in SF and air. It
can be seen that SFG recovered in about 30 usec while air required
200 psec. These times pertain to current levels of 1000 A. However,
Perkins found only slight variations with current level. It can be
expected, therefore, that even at 20,000 A, the recovery time of a

well blasted SF‘6 arc remains below 100 usec. In this connection it is

worth noting that vacuum recovery data frequently are compared with

data in a stationary gas. The much longer recovery times in the latter
case would have one believe that vacuum is vastly superior to SF

6

|
i which definitely is not the case.
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In summary, then, if we consider that SF6 has, first, a higher
voltage withstand capability than vacuum, second, has shorter or at
least comparable recovery times and, third, is readily compatible with

a built-in electrodynamic drive system (without bellows), the choice of

T

SFé as the preferred insulating medium is evident.

B, Drive Mechanism

We now consider the choice of contact opening mechanism.
Basically, we require that the contacts oper: and close as quickly as

possible. This motion pattern can be achieved in several ways. -.,}.

1. Rotary

One approach is to utilize a rotating, slotted cylinder
with a set of stationary brushes as shown in Fig. II-6. Whenever the
slots pass under the brushes, the circuit opens and closes. Opening
and closing times of the order of 1 msec with a gap of 2 cm (two 1 cm
gaps in series) can readily be achieved. For example, a cylinder of
12-in. diameter with slots 3 in. wide and rotating at 750 rpm with
brushes 2 in. wide would provide the 2 cm series gap with 1 msec
opening and closing times at a-PRF of 25 Hz.

Acceleration of movin"‘g contacts is eliminated in a rotary switch. i
This appeared sufficiently attractive to warrant a detailed investigation
into rotary switch design. This investigation is described in Appendix A.
This effort, however, led to the conclusion that the development of such
a device would be burdened with considerab! - ‘ncertainties in the area
of brush technology. One basic question was whether brushes could be
developed that could maintain good contact with the rotating cylinder at
the high current densities required. Removal of large quantities of heat
from lightweight, spring mounted brushes posed another problem.
Inflexibility with respect to repetition rates and the need for a startup
time (order of many seconds) were considered definite disadvantages of
this approach. For these reasons consideration was given to switches
with reciprocating contact motion which conceptually are closer to exist-
ing mechanical switches and therefore can benefit more from existing

technologies.
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2. Reciprocating

Most conventional circuit breakers are opened either
hydraulically or by solenoids. Both methods, however, are too slow
for the present application since they involve too much inertia. Mech-
anisms which promise millisecond opening and closing times include
springs, gas dynamic, and electrodynamic drives. Pure spring action
is unsuited for repetitive operations since excessive energy losses
will dampen the contact motion very quickly. Also, latch mechanisms
would be required. Gas dynamic drives are not readily suited for
repetitive operation. This leaves electrodynamic drives and also a
combination of electrodynamic drive and spring action as the most
promising contenders.

With a purely electrodynamic device, three thrusting periods
are required for each contact opening and closing sequence. A first
thrust pulse is needed to open the contacts. At the point of full opening
a pulse of double intensity is required to reverse the contact motion.
Finally, just before the contacts reclose, a third pulse must be applied
to prevent the contacts from slamming together at full speed. With a
drive mechanism using mixed electrodynamic and spring action, only
two thrust periods are required. A first pulse must be applied to open
the contacts. As these part, spring tension builds up, slowing down
and eventually reversing the contact motion. The second pulse is applied
when the contacts are about to slam together. The latter approach has
the advantage of requiring less drive energy and simpler circuitry and
controls. Accordingly, it was selected for the mechanical switch,

A choice had to be made of whether to incorporate linear or
torqued contact motion. Linear motion is simpler to incorporate and,
therefore, is used in most conventional circuit breakers. However,
the opening speeds required for such breakers are modest. For high
speed operation, torqued motion has two distinct advantages. First,

a torqued system has a lower inertia and therefore requires less drive

energy. The reason for this is that with linearly moving contacts, all




——

mass elements move the same distance whereas with torqued contacts
only the outermost mass element, where the actual contact points are,
move the full distance. A comparison of both approaches leads to the
conclusion that a torqued system requires less than half the drive
energy of a linear contact drive for equal opening times and distances.
Second, the coil springs required with a linear drive have an upper
speed limit, for much the same reason as the earlier described bellows.
For coil springs, the maximum permissible drive speed L . is given

by the expression

1/2
Y = - t
max ( 2Gp ) max
where G is the torsion modulus (= 11.5 x 106 PSI = 8 x lOll cgs for
steel), p is the density, and tmax is the maximum permissible torsion
stress. For regular spring steel, t is on the order of
4 9 max
11 x 10" PSI = 7 x 10" cgs. This leads to a maximum drive speed of
about 2 x 103 cm/sec which would be sufficient for the present applica-
tion. However, it is generally observed that springs operated near
their stress limits take a set. Experiments performed at Hughes
Research Laboratories have shown that even with high quality spring
steels, contact openings of 2 cm in 2 msec were difficult to achieve in
repetitive operation.
Torsion bars, on the other hand, have a much higher speed
limit, given by

y ’ 43 W 1/?.t
max r \2Gp max

whereby R is the contact arm radius and r is the torsion bar radius.
With R/r = 5, as adopted for the design presented below, the contact

opening speed limit will be 20 times as high as with a coil spring.
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Under these circumstances it was clear that a torqued contact
arm was the preferred choice for the mechanical switch drive. The
4 conceptual design of such a switch, utilizing a combined torsion bar
» and electrodynamic drive system to actuate a torqued contact arm with

contacts on both ends is described in the following section.

C. Conceptual Design

The utilization of torqued contacts is not entirely new. A con-
figuration, particularly applicable to the mechanical switch, has been
discussed by P. Brueckner, et al. 3 Their device was purely torsion
bar driven; no earlier work has ever combined a torsion bar with an
] electrodynamic drive. This necessitated some conceptual design effort
| prior to the detailed design of the mechanical switch. Below, results
of this effort will be described and also some general rules pertaining
to the design of torsion bars with attached contact arms will be
reviewed. An overall sketch of the switch configuration under dis-

cussion is shown in Fig. II-7.
1. Torsion Bar

The torsion bar must fulfill the following three func-
tions: (1) reverse the contact motion when the open position is reached,
(2) serve as a support axle for the contact arm, (3) exert a positive
force on the contacts while they are closed. This latter force must be
sufficiently large to render the contact resistance acceptably small.
With a force of approximately 100 1b, the contact impedance can be
expected to be about 10_5 Q2. Therefore, with an average current of
17,000 A, about 3000 W of heat are generated.

In order to assess the dynamic behavior of the torsion bar, we

assume as an approximation that the electrodynamic drive delivers a
1 very short thrust pulse. The motion of the torsion bar then is simply
sinusoidal and the frequency follows directly from the torsion bar

oscillation equation
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where d is the diameter of the bar, £ is its length, G is the torsion
modulus, and 6 is the moment of inertia of all masses attached to the
contact end of the bar. Determination of the torsion bar dimensions
d and ? for a desired open and close time = 1/(2f) necessitates use
of a second equation which relates torsion bar stress level t and

angular displacement a

b =
£ =

G

oo

3 o
2

For a contact opening-and closing time of 2 msec, a moment of inertia
of 10, 000 g-cm2 (see below), a maximum coitact gap of 1. 25 cm at a
radius of 5 cm (@ = 0.25), and for a peak torsional stress level t of
7x 109 cgs, these equations lead to a torsion bar configuration of

1. 65 cm diameter and 23. 5 cm length, which is practical.
2. Contact Arm

The basic considerations which apply to the design of
the contact arm include minimum moment of inertia, structural integ-
rity against bending stresses and high electrical conductivity. With
respect to the two first named requirements, titanium alloys with their
high strength-to-density ratio would be best suited. However, the high
electrical resistivity of above 100 pQ-cm precludes their use. In fact,
a 10 cm long contact arm with a cross section of 10 cm2 would be
heated at the rate of 70°C/sec if a current of 17,000 A were passed
through it. High strength aluminum alloys with an order of magnitude
lower resistivity can serve this function much better. It should be
added that aluminum, because of its low melting point, is not well
suited as a material for contact surfaces. Therefore, W-Cu inserts
must be incorporated into the contact bar.

An aluminum contact arm is favorable. The moment of inertia

of the arm with approximately eliptical shape can be estimated from

_ T 2 2
eelip. = 4ab(a +b") cp
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where a is the major semi-axis, b the minor semi-axis, c the depth,
and p the density of arm. With a=5¢cm, b=2cm, ¢=5 m and
p=2.7 g/cm3, the moment of inertia of the arm becomes approximately
3000 g-cmz. W-Cu contacts are likely to add another 2000 g-cm2 so
that the total moment of inertia of the contact arm amounts to about
5000 g-cmz.

During the electrodynamic thrust periods, the contact arm
experiences substantial bending stresses across its profile. The
strength of the arm determines the maximum intensity of the thrust
pulse and therefore also its minimum duration. The torque M exerted

on the arm is given by
M = 6w

where & is the angular acceleration and 6 the moment of inertia of
the arm. The maximum torque, or bending moment, permitted to act

on the arm can be expressed as

where 8 hax is theyield strength of aluminum (= 40, 000 PSI = 2. 8x 109 cgs).

Numerical evaluation of these equations leads to the conclusion that the
angular acceleration cannot exceed 4 x 10 /sec. For the case of a
contact which is required to open to 1 cm gap in 1 msec, this translates
into a minimum electrodynamic drive period of about 100 psec. There

is no difficulty in providing a thrust pulse with this duration.

3 FElectrodynamic Drive Motor

Most electrodynamic drives are made to provide linear
thrust and they utilize a pancake shaped thrust coil adjacent to a flat
thrust plate of high conductivity material. For the present application,
this configuration is not suitable. It is preferable to use an arrange-

ment similar to that of an electric motor where the drive coil is
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represented by the stator winding and the thrust disc is replaced by the
rotor winding. To obtain as much thrust as possible, stator and rotor
windings should be as close as possible to each other. This can be
achieved with the squirrel cage arrangement shown in Fig. 11-8, The
force provided by two neighboring current-carrying bars is computed
below.

The force k is equal to the change in energy

k = dA/ds
where
_ 12
dA = > I dL

using I for drive current. The mutual inductance between two parallel
bars is approximately equal to

4w bl

L= ? T (cgs)

where c is the light velocity = 3 x 1010 cm/sec, h is the height of the
current bars, ! their length, and b their spacing. With ds = db

one obtains

° .

_2n i
k==%
C

This relation can be used to determine the currents required to accel-

erate the contacts to a desired velocity. Now

Mt = Ow
o
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where M is the torque, to is the thrust period, 6 is the total moment
of inertia and w is the angular velocity of the contact bar. M and k

are related by
M = NRk

where N is the number of rotor and stator vane pairs around the cir-
cumference and R is the distance between rotation axis and bars. To
obtain an estimate of the current required, we consider the following
numerical values: w = 300 sec-1 (for 1 cm contact movement in 1 msec
on a 5 cm long contact arm), 6 = 10, 000 g-cmz, to 2 X 10—4 sec,
N=6 £=15cm, h=1cm, and R = 3 cmm. If these numbers are intro-
duced into the above relations, we obtain a current of =9 x 1013 cgs =
30,000 A. This is a readily manageable current magnitude; switching
does not pose problems.

An important factor is the energy consumption of this drive
system. If the current bars described above are made of aluminum,
the resistance of thrust motor will be on the order of 10-3 Q. Thus,
every opening and closing action will consume a minimum of 400 Jhe
Considering additional losses in leads, etc., one can expect that early
operation of the mechanical switch demands between 500 and 1000 J.

The 400 J winding losses will raise the temperature of the
aluminum bars. If 200°C is considered an upper temperature limit,
the total number of shots during one sequence will be on the order
of 100. It should be added that not only the electrodynamic drive motor
is heated during operation. While the contacts arc, considerable heat
is generated. It can be assumed that on the order of 1000 J are
delivered to the contact arm during each shot. With a heat capacity of
approximately 600 7/°C and the upper temperature limit set at 200°C,
the total number of operations should be on the order of 120, i.e.,

similar to thermal limit of the motor.
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4, Gas Blasting System

As has been mentioned earlier, fast arc recovery in
high pressure gas can be achieved only through gas blasting. Conven-
tional breakers utilize such methods as auxiliary pistons to provide
the desired gas flow or two-pressure gas systems where the closed
contacts provide the seal between the high and low pressure sides. In
the present application, one has a choice of blasting continually for the
duration of an operational sequence or providing short gas pulses during
each contact opening. The former approach would have required a gas
reservoir of considerable size (order of 1000 liters), so preference
was given to a gas pulsing system. A key element here is the fast
acting valve. A search revealed a suitable valve mechanism. ) It con-
sists of a lightweight disc serving as the valve and is driven from its
seat by electrodynamic forces. A schematic picture of such a valve is
shown in Fig. II-9. According to measurements performed by
Dr. Hofmann, adequate quantitites of gas (up to 5 liter-atm) should be
released by this valve in bursts that can last as long as a millisecond.
The electrical driving pulse for the valve can be connected in series with

the main electrodynamic drive motor.

5. Summary

The discussion presented in the preceding sections shows
clearly that a set of torqued contacts, driven by an electrodynamiic
thrust motor and operated in an Sl?6 atmosphere represent a preferred
approach to the mechanical switch. A switch based on this approach
can be operated with a minimum of heat generation and arc erosion
because of its millisecond opening and closing capability. Its repetition

rate can be varied from single shot operation to a maximum ~50 Hz.

"Dr. G.A. Hofmann, Senior Staff Physicist, High Voltage Systems
Program, invented this valve mechanism several years ago.
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The total number of operations in one sequence can be expected to be
in the range of one hundred to several hundred shots, after which a

cooling period is required. The energy consumption of such a switch
is determined by the electrodynamic drive motor and should be on the

order of 500 to 1000 J/shot (acceleration and deceleration pulse).

D. Experimental Verification of Design

e

Two areas of the conceptual design described in Section II-C
above are not amenable to complete quantitative analysis. These are
the torsion bar drive motor and the gas blasting system. These two
items were therefore singled out for experimentation. This section

describes these experiments and their results.
1. Drive Motor

a. Electrical — Measurements of inductance and
torque were made on a full-scale but nonstructural model of the motor.
An optical lever arm was used to measure angular position of the rotor.
The test setup is shown in Fig. II-10. Inductance was measured by
adding a known capacitance and measuring the ringing frequency. The
rotor was spring restrained for the torque measurements and torque
versus angular position calibrations were established with dead weights
acting on a lever arm attached to the rotor. The current was maintained
for several seconds at each data point to enable a reading of the steady
state condition. Confirmation of analytical estimates within an order
of magnitude were all that was desired. Circuit parameters and pulse
amplitudes will be adjustable within a reasonable range during the final
design stage, to achieve the necessary acceleration and deceleration of
the torsion bar.

Correlation between tests and agreement with original estimates
was good. The results are plotted in Fig. II-11. Torque is calculated

from the change in inductance by

_ 1 .2 AL
T=301Z8
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where T is the torque in newton-meters, I is the current in amperes,
AL is the change in inductance in henrys, and A6 is the change in
angular separation between rotor and stator in radians.

The slope of the inductance curve at 5° is 18 nH per degree.
The torque calculated at 50 kA, after converting units is 11, 400 in. -1b.
The direct torque measurements at low currents at the 5° position of
the rotor are read from the plots as 0. 042 in. -1b at 100 A and 0. 11 in.-1b
at 150 A. By scaling up in proportion to the square of the current,
torque values of 10,500 and 12, 200 in. -1b, respectively, are obtained

for a 50 kA value of current.

b. Structural — Structural adequacy of fiberglass for
the rotor and stator was indicated by a ''locked rotor' test of one pair
of motor vanes. The test sample is shown in Fig. II-12 and tke test
setup is shown in Fig. II-13. Fifty 50 kA, 300 psec pulses were sus-
tained with no evidence of deterioration.

Structural testing to failure by a drop test method was performed
to determine the relative strengths of the assembly with the fiberglass
laminations oriented radial, tangential and transverse to the motor
axis. The test samples are sketched in Fig. 1I-14. The transverse
orientation was the strongest of the three tested.

2. Gas Blasting System

An experimental gas blasting system was designed and
fabricated to enable study of the gas value as 2 component and then
studies of a gas blasted arc chute. In addition, the system could be
used as a substitute for the entire mechanical switch for low current

(to 2000 A) one-shot operatioh in early interrupter tube integration.

a. Apparatus — The components of the experimental
system are identified in Fig. II-15. A photograph of the system is
shown in Fig. II-16. A spare set of electrodes and an arc initiation
rod are shown along side the system. Figure II-17 is a photograph of
the aluminum valve disc, the nylon stop, and the O-ring valve seat.
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Fig. 18. Experimental Gas Blasting System.
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Fig. 19. Valve Disc, Stop, and Seat.
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The drive coil contains 5 turns of 0. 010 x 0.400 in. copper ribbon and
was wound with laminated fiberglass tape between turns and continued
for one turn on both the i.d. and o.d. of the coil. The fiberglass was
thoroughly impregnated with wet epoxy before winding. A specially
designed three-part mandrel enabled molding pressure to be applied
as a final forming operation. The resultant coil was then cast into
dpoxy in a mold that has most of the {inished dimens ions of the part
desired. The O-ring grooves and the back mounting face are machined.
Figure II-18 is a photograph of a spare coil and a spare casting. The
solenoid driven leverage mechanism which retracts the arc initiator
rod of the arc chute is shown, with one support rail removed, in the
photograph of Fig. 1I-19.

The gas valve is opened by discharging a capacitor bank through
the driven coil. The arc initiator rod in the arc chute is retracted by
discharging another capacitor bank through the solenoid, which then
holds in the retracted position until manually switched off. The arc
initiator rod retraction mechanism will not simulate the mechanical
switch with regard to opening time. Therefore, to operate the arc
chute with significant current, a circuit was devised that passes a low
current during the time the arc is being drawn out and then raises the

current for the gas blast experiments.

b. Experiments — Valve disc motion has been studied

by microwave heterodyning techniques. The travel distance and velocity
have been calibrated, by this method, as a function of both driver
energy and gas (NZ) pressure. No difficulties are anticipated in
operating with SFé.

Preliminary tests have been performed on arc initiation by
passing a low current (5 A) through the rod to the opposite electrode
and then withdrawing the rod. When the rod was fully retracted, the
current was increased to 70 A and the gas valve was activated. Fig-

ure 1I-20 shows the device in actual operation.
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The prime objective of these tests is to demonstrate (1) that

sufficient arc voltage can be generated by the gas blasting system to
transfer the current to a shunt interrupter tube and (2) to show that
the deionization time of the arc chute is less than the conduction time
of the interrupter (typically 100 usec).

This has been achieved at low current levels in initial tests.
The top oscillogram in Fig. II-21 shows the arc voltage versus time
(top trace) while the bottom trace shows the arc current versus time.
When the arc voltage reached 500V (the conduction voltage of the shunt,
500 cm2 interrupter tube), current transferred out of the arc chute
(note the abrupt current fall) and into the interrupter (bottom trace of
lower oscillogram). The tube was switched off after 90 usec, inter-
rupting the current flow against the driving capacitor voltage of 900V.
These experiments are presently being extended to the 2.5 kA, 50 kV

level.
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E. Detailed Design

A layout of the mechanical switch is shown in a cutaway
elevation view in Fig. II-22. Sectional views are shown in Figs. II-23,
II-24 and II-25. The overall height as shown is 42-3/4 in. and the
‘diameter of the largest flanges is just under 20 in. The bushings for
the IES circuit each extend approximately 10 in. beyond the flanges and
are located diametrically opposite one another.

In the following, we discuss detailed design points of each of the

following items:

L Torsion bar

° Contacts

. Motor

o Motor pulser

o Gas blasting system
° Enclosure

The section concludes with a table listing the pertinent specifications of

the complete mechanical switch.

Y Torsion Bar

The diameter and length of the torsion bar were calcu-
lated in Section II-C to be 1. 65 cm (0. 625 in. ) and 23.5 cm (9. 25 in. ),
respectively. The torsion bar will be fabricated from silico-manganese
steel, Type 9260, which has been used extensively for torsion bars and
is capable of the peak torsional stress of 7 x 109 cgs (110, 000 PSI) even
without the benefits of presetting. Presetting is the process of over-
loading the torsion bar as a final manufacturing operation to enhance the
allowable working stress. Presetting is advantageous if the torsion bar
will be stressed in only one direction in use, which will be the case in
normal operation of the mechanical switch. However, at least in early
working models, provision will be made for fail-safe survival in the

event the deceleration pulse from the motor fails to occur properly.

48

B




FLEXIBLE LEAD

CUSHIONING SPRING,

TORSION BAR \

CONDUCTING ARM
(FORMS ONE SIDE OF ARC CHUTE)

FIXED SIDE OF ARC CHUTE
(BUS BAR INTERCONNECTION
OF THE TWO FIXED SIDES

NOT SHOWN)
CROSS BAR
SCALE i
S
| | [ 1 1 : ;
2 4 6 R
INCHES =

Arcing Contacts.

|
¥




GAS RESERVOIR

GAS VALVE

GAS NOZZLE

-MOVING CONTACT
CUSHIONED CONTACT
SHAFT EXTENSION
OF TORSION BAR

Arcing Contacts.

i,

AR

PREGEDTNG PAGE BLANK.NOT FILMED |

)



SHAFT EXTENSION
OF TORSION BAR

SCALE .
0 2 4 | - 3 -

INCHES

/ ig. . Nonarcing Contacts.




st e i s b ek O AR Y R o T A

CROSS BAR

MOVING CONTACT

CUSHIONED CONTACT

CONDUCTING ARM

CUSHIONING SPRING,
TORSION BAR

FLEXIBLE LEAD

BUS FROM BUSHING

2169-26

- 25. Nonarcing Contacts.
52

R e . —
| PRECEDING PAGE BLANK-NOT FILMED |
r i v oy e i et =



TORSION BAR

7
o
~—
MOTOR STATOR LEAD
X i 2 /// R
e P A 7.7, o x)

B Dmmrsan:

S I L

{ — | :
| - --.> h\ .
-""‘"-l..J....- . b
. %
INSULATING _ 3 e N\ 73 4
muFLlNG 2 .'.'._:_ \__\ﬂ\ ‘:‘ - .-"'f..-' ./"
MOTOR ROTOR LEAD, SECTION o
FLEXIBLE -
BEARING
ARC CHUTE ENCLOSURE
SCALE BUSHING
(2 PLACES)
L ] ] ] ] L1
0 2 4 6
INCHES
Fig. 26. Mechanical Switch.

oo ;:i'-ﬁimm-uw




e e e

:

TOR

1 \

™
SN N

ARCING
CONTACTS

promndemanmy

T T TN S R
e il o4 B

NON-
ARCING
CONTACTS

Fh—\

2, :;' / : _. /;‘f’ff%/’f%/ z
N

-

i

B e
R e

S

e é;—f“‘
_

RING

HUTE ENCLOSURE

Mechanical

PR PRI, N

R e

o
= MW
Fd T
¥ - ¥
e ." - N
S -
% i
s
-

BUSHING
(2 PLACES)

Switch.

CUSHIONING SPRING,
TORSION BAR
(6 PLACES)

54

Sy
3 SR

BEARING

2159-27

e o s

i
iy
5
e
.
i
;
.




CROSS-OVER,VANE TO VANE, ROTOR STATOR FEEDTHRU
BUSHINGS

(TYPICAL 2 PLACES NEAR END,
3 PLACES FAR END)

yd
CROSS-OVER, VANE TO VANE, STATOR -7 e -
(TYPICAL 2 PLACES NEAR END, 77 77
3 PLACES FAR END) %
74 3
4 .
7 S '
S = i -
|

ROTOR FEED THRU

BUSHINGS
1 SCALE
L1 1 "
‘i ) 12 3
INCHES 1

Fig. 27. Motor.




T o——

it i i ez Hn s

STATOR FEEDTHRU
BUSHINGS

| STATOR BODY
FIBERGLASS

ROTOR BODY,
FIBERGLASS

ROTOR VANE

STATOR VANE

SPLINED END
OF TORSION BAR

2159-24

Fig. 27. Motor.

56

w.ﬂ-mﬂr.mpmm-‘w“ -
PRECADING PAGE BLANK-NOT FILMED |




Without the deceleration pulse, the torsion bar would see a reversal of
stress direction. A specific heat treatment schedule for the torsion bar
will be given to avoid decarburization of the surface and to minimize
distortion. Shotpeening will be used for surface conditioning.

Splines will be used at the anchor end and for attachment of the
motor rotor at the free end. The transition from torsion bar diameter
| to the root diameter of the splines must be gradual to minimize stress
concentration. The total active length of the torsion bar will increase
by 1/4 in. to account for the tapers and fillets. Nonstandard, six-tooth,
% splines with parallel side teeth will be used. Involute splines are the
usual choice for ease of accurate fabrication and for minimum stress
concentration at the root of the teeth. An overriding consideration for
the mechanical switch is the direction the spline teeth will load the
fiberglass body of the motor rotor. Involute splines would exert a
radial outward pressure which the fiberglass could not contain. Para-
llel side spline teeth will transmit the torque with nearly circumferen-
tial pressure; a load direction like that of the motor vanes.

Bearing support for the free end of the torsion bar (and the shaft
extension which carries the contact crossbars) is provided by two poly-
meric slider journals. Rolling element bearings are not well suited to
| high acceleration starting. The layout drawing shows the midspan

bearing running on a fiberglass o.d. Other bearing surfaces could be

provided, if found necessary, and still maintain high voltage isolation of

the shaft extension.
25 Contacts

The moving contacts are mounted in the tips of crossbars
attached to the shaft extension of the torsion bar. The opposite contacts
are named cushioned contacts rather than fixed contacts to be descrip-
tive of the fact they are backed up by springs and experience some,
although limited, motion. The cushioned contacts are mounted in the
tips of conducting arms which are pivoted by torsion bar springs. The
. area in contact when the contacts are closed has a narrow dimension in

the radial direction and actually approaches line contact because of the
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rounding off of the edges of the contacts. Contact theory and practice
assure that this is a satisfactory contact configuration. Eleven centi-
meter (4.3 in.) of contact length is shown in the layout presented. It is
expected that this length can be reduced by a factor of 2. The contact
length is divided into three segments; two 5 ¢m contact lengths are pro-
vided in the nonarcing contact section and one centimeter of contact
length is provided for the arcing contact.

The arcing contact is distinguished by (1) different contact mate-
rial (2) opens last and closes first (3) has a gas blast and arc chute
associated with it. The last to open, first to close feature will be
accomplished by the advanced position of the cushioned contacts rela-
tive to that of the cushioned contacts of the non-arcing contacts. The
advancement of the cushioned contacts fo_rward of those for the nonarc-
ing contacts will be in the order of one millimeter (0. 02 rad of moving
contact rotation).

The nonarcing cushioned contacts and conducting arms on which
they are mounted will be slit radially to form multiple contact fingers.
This configuration is not only standard practice to decrease contact
resistance but will serve to mask the effects of any contact bounce by
decreasing the probability that all contact surfaces are parted at any
one instant and hence draw an arc. To further ensure the later func-
tioning of the contact fingers, the slits will be unequally spaced to form
fingers of various widths. The fingers thereby will be tuned to slightly

different frequencies. The prime controls of contact bounce will remain

the properly timed and shaped deceleration pulse from the motor and

the proper contact preload value.

The proper contact preload is predicted to be 40 1b per contact
finger. Contact preload is necessary to decrease contact resistance
and overcome electrodynamic blowoff which would result in contact
bounce. Contact preload will be set in by rotation of the torsion bar
cushioning springs and by a similar adjustment of the main drive tor sion
bar. Adjustment at both points is necessary to maintain the proper

spacing of the vanes of the motoT.
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The arcing contacts will be sintered tungsten-copper with over
70% tungsten. The nonarcing contacts will be a high copper content
material, hard enough to take the impact of rapid closing but still have
a high conductivity and low contact resistance.

The preferred method of joining the contacts to their aluminum
backing is by welding. Several recent attempts to accomplish this
i;» in-house on high tungsten content contacts were unsuccessful, but
Mallory Metallurgical Company claims they can perform this operation.
; Screw fasteners offer an alternative method that is known to be satis-

g factory. The material chosen for the crossbar is a high conductivity
aluminum with reasonable strength, i.e., Type 6101 heat treated. It is
with this material that attempts would be made to develop welding tech-
niques for the attachment of the contacts.

Erosion of the arcing contacts will be a limiting factor, along
with temperature rise, in the determination of duration of the operating
periods that can be obtained from a high current, repetitive mechanical
switch. The gas blast will ensure rapid movement of the arc off the
( contacts and onto the arc chute which will greatly reduce the erosion of
E the contacts. The expectation is that this transfer of the arc from the
' contacts to the arc chute will occur in 90 psec (i.e. 1/10 of the 900 psec
duration of the arcs). Published erosion rate data indicates 0.2 cmz of

material loss per kA-sec per mating pair of contacts. At 20 kA, this

erosion rate would be 4 cc/sec of arcing. At PRF = 5 Hz for 1 min
" (300 shots) the loss from the switch contacts would be 90 x 10"6 x 4

= 0.1 cc per each of the two mating pairs of contacts. This loss would

‘ undoubtedly be intolerable. The published erosion rate data were

‘ obtained from experiments with arcs of much longer duration and it is

, recognized that a different regime may exist during very short duration

! arcs. That other regimes of arcing exist is evidenced by the fact that
one investigating team published the finding that erosion rates decrease
by a factor of 10 when the current is dropped below =1000 A. Another
indication that the erosion calculated above is higher than will be found,

is the survival of the contacts in 230 kV circuit breakers which are
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! tested at 43 kA rms at 60 Hz. One of the tests in a sequence of testing
| is open, rapid close, rapid open, close after 15 sec, rapid open and at
each opening the arc lasts for 8 msec (1/2 cycle). Therefore the con-
tacts see 24 msec of arcing at 43 kA in less than one minute, whereas
in the switch herein, 27 msec of arcing at 20 kA in one minute (5 Hz,

1 min, 300 shots, 90 x 10"6 sec per shot of arcing) occurs.

The conclusion regarding contact erosion is that survival for one
minute of operation at PRF = 5 Hz is expected, but that because of the
material lost, the contact preload will require checking and probably
need readjusting. Possibly, an automatic adjustment mechanism could
be incorporated. Also, it seems probable that the contacts would
require replacement after 600 shots or two 1-min operating periods at
5 Hz. Contact erosion is expected to increase in proportion to any PRF
increase (at constant current), and therefore, it is expected that this
fact (if not heat rise) would limit the duration of operation to less than

one minute at PRF's > 5 Hz.

3. Motor

The motor design was covered extensively in Section 1I-C

P S R el

and was the subject of some experimental verification as reported in
Section II-D. The rotor and stator vanes will each be formed into their
i sinuous configuration from a continuous strip of aluminum. The fiber-
glass rotor body, an extension of which will serve to isolate the motor

from the extension shaft that carries the contact crossbars, will be made

e

from either laminated NEMA Grade G-10 epoxy fiberglass as experi-
mented with, or be a custom formed, epoxy fiberglass, filament wound

component. The stator body can simply be built up from wedges of the

At

G-10 material as shown in the sectional view of the motor. The stator

i body is shown fixed in the housing by the use of a broached hexagonal

hole in the housing. The routing of the motor leads may have to be

1 altered from that shown in the layout in order to produce a circuit with

less inductance.
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4, Motor Pulser

The electrodynamic drive motor requires a very high
current (30 to 50 kA) to provide the necessary impulse. This is
achieved by connecting a precharged capacitor bank to the motor by a
triggered vacuum gap (GE No. ZR 7512). The pulser circuit is shown
in Fig. II-26. The battery represents the (3 kV) HVDC supply. The
total stored energy is 3 kJ of which 1 kJ is lost per switch operation.
(The remaining 2 kJ is saved and only the 1 kJ need be replenished each
shot. ) At 5 Hz, this requires a 5 kW power supply. Size and weight
estimates of the pulser are 5 ft3 and 250 1b. The auxiliary power

required is 5.5 kW, allowing 0.5 kW for losses.

5. Gas Blasting System

The gas blast must (1) move the arc off the contacts and
onto the arc chute as quickly as possible, (2) extend and cool the arc to
develop the arc voltage required to turn on the interrupter tube (prefer-
ably at a slow rate to begin with, followed by a rapid rise so that the
dissipation of the arc is minimized), and (3) clear the gap of ionized
products within the 100 psec the tube is conducting, to develop the capa-
bility to withhold the required 100 kV.

The stored pressurized gas, fast acting valve system was chosen
over the puffer approach to develop the gas blast. This choice (1) sepa-
rates, to a large extent, the development of the torsion bar and its drive
from the development of the gas blaster, (2) offers more, and more
readily adjustable, parameters to work with in developing the proper
blast to optimize performance of all three of the required functions, and
(3) decreases the heat dissipated in the switch system.

The layout drawing incorporates a prototype version of the gas
subsystem, in which the gas reservoir, drive coil and nozzle are formed
in a one-piece epoxy fiberglass filament winding. Not shown is a larger
holding reservoir outside the mechanical switch that replenishes the
reservoir inside the mechanical switch in the period between shots.

The fixed side of the arc chute will be of an arc resistant mate-

rial such as tungsten-copper. The other side of the arc chute is formed
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by the conducting arm on which the cushioned contact is mounted. The
conducting arm will be of copper or high conductivity aluminum but in
either case will be faced on the arc chute side with tungsten-copper.
Completing the enclosure of the gap formed by the arc chute electrodes
will be a wall of polycarbonate. The function of this enclosure is to
contain and guide the gas stream. However, because the surface of the
polycarbonate will form a shunt conduction path between the electrodes,
the enclosure cannot be as close fitting nor as complete as would be
desired for optimum gas dynamics. Sonic flow at the contacts is a

design objective of the gas path design.
6. Enclosure

The wall thickness of the enclosure shown in the layout
drawing represents a conservatively designed aluminum pressure ves-
sel and mounting structure. A significant weight reduction may be
possible ina fully developed version but such a weight reduction program
should follow gaining baselining experience with a rigid mounting struc-
ture. Not shown in the layout drawing are the coolant lines, the coolant

plate-coils and other heat pickup routing of the coolant.

T Specifications

The electrical and mechanical specifications of the
mechanical switch are tabulated in Table II-1. A few comments
regarding the entries will now be given. The nominal arc dissipation
is based on an average arc voltage of 200 V for 900 psec at the full
20 kA. The maximum operating time is based on heat build-up in the
motor, gas valve and contact area. The size and weight shown is with-

out motor coil and gas valve pulser.

F. Recloser

As described in the introduction to Section II, the recloser
crowbars the load at the end of the load pulse (250 psec) thereby saving

the energy remaining in the storage inductor. A separate component is
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required for this function because the mechanical switch contacts cannot
reclose instantly, after being far enough apart to withstand the load
voltage.

The recloser must be capable of meeting the following

specifications:
Holdoff voltage 100 kV
Peak current (nominal) 14 kA
Conduction time 750 psec
PRF 5 Hz

This corresponds to a conducted charge per pulse of 10.5 C. Under
faulted load conditions where the recloser is used for load protection,
the peak (nonrecurring) current will be 20 KA.

The most logical component choice for this kind of duty in an
airborne environment is a triggered vacuum gap (TVG). Commercially
available TVG's can meet these specifications. Two possible choices
are GE 7534 and EG&G GP15BV (Hughes part No. 710122-3). These
are designed to be operated in oil for maximum voltage operation and
cooling. Operation of the EG&G gap has been demonstrated under the

following conditions :

Holdoff voltage 90 kV

Peak current 5 kA

Conduction time 1 msec

PRF | ~103 Hz (for 50 msec)

This clearly demonstrates the capability of TVG's to operate at nonzero
PRF's provided all parameters are kept within reasonable operating

limits.

Dissipation in the TVG can be computed in the following way.

First, the dissipation during turn-on is approximately VOIOTO/() where

Lk o

Vo is the peak voltage, Io is the peak current, T0 is the anode fall time,

and a linear fall in voltage (and a linear rise in current) has been
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assumed. Using Vo = 100 kV, I0 = 14 kA, and To = 0.3 psec, we
get a dissipation of 60 J. (The 0.3 psec used for the anode fall time is
based on an unpublished GE report by J. M. Lafferty.) Second, dissi-
pation occurs during the conduction phase at a voltage drop ~50 V

(Ref. 5) giving a dissipation during the 750 psec pulse of 525 J. Taking
the total dissipated energy to be 585 J per pulse, this gives a dissipated
power of 2.9 kW at 5 Hz. .

Thermal inertia of the copper electrodes will be used to store
the dissipated energy during the operating time (one minute). Assuming
1 kg electrodes, the temperature rise will be about 200°C. This is far
less than the processing temperature of 600°C and will not have any
adverse effects. Cooldown during the off period will be accomplished
by conduction and radiation to a cooled oil bath.

Trigger requirements for the GE gap are 5 kV and 150 A. This
will be provided by a small pulser of conventional design with an auxili-
ary power requirement under 100 W. The volume and weight of the pul-
ser will not exceed 0. 25 ft3 and 10 1b, respectively.

The range of operating parameters of a TVG is quite large. It
will fire at voltages as low as 2 kV or as high as 120 kV. Currents as
high as 100 kA and less than 100 A can be conducted. High PRF opera-
tion (>5 Hz) will cause greater electrode heating and consequently
require the operating time to decrease if the electrode temperature
rise is to be kept tolerable.

The GE TVG is cylindrical in shape with an overall length of
12 in. and a diameter of 6 in. This will be placed in an orientation inde-
pendent oil filled enclosure containing a cooling oil and possibly an oil
circulating pump. Overall dimensions will be 15 in. long, 9 in. in diam-
eter, with an external bushing whose height is 6 in. This gives an over-
all volume of about 0.5 ft3. The weight including TVG and oil will be
about 25 1b.

The specifications for the recloser described in this subsection

are listed in Table II-2.
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G. BYPASS SWITCH SPECIFICATIONS

The mechanical switch specifications are listed in
Table II-1 (Section II-E-7) while the recloser specifications have just
been treated in the preceding section (Table II-2). We now bring these
two components together to make the bypass switch, the composite
specifications for which are given in Table II-3. This Table uses the

most restrictive values from each of the two preceding Tables.
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INTERRUPTER TUBE

This section is devoted to a discussion of the interrupter (cross
field) tube which is used to deionize the mechanical bypass switch. Sec-
tion III- A is devoted to the present status of interrupter tube research
and includes results for both 100 crn2 and 500 cm2 interrupters. Some
of the work which is reported was performed under a separate Hughes-
funded research program. Most significant is the operation of these
interrupters at high current densities (5 A/cmz) and high recovery
rates (10 to 20 kV/usec). The achievement of such high recovery rates
eliminates the requirement for shunt, \ limiting capacitors, the pres-
ence of which offsets the advantages of IES to a large extent.

Section III-B is devoted to the design of an interrupter capable

of operation at the following ratings:

100 kV peak voltage
20 kA peak current
100 psec conduction time
5 Hz PRF

This design is based on experience gained with the 100 cm2 and 500 cm
interrupters. Section II-C presents the interrupter specifications and

range of operating parameters in tabular form.

A. Present Status

1. 100 crn'2 Tube

The principal design features of the 100 cm2 series of
cross field interrupter tubes (XFT-100-x) are shown in Fig. III-1.
Current is delivered to the anode via a high voltage feedthrough located
at the top of the tube. The clearance of the feedthrough and the top end
plate is minimized to prevent Paschen breakdown and to reduce plasma

loss. The 20 mil thick cathode cylinder is made of tantalum and has
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approximately 100 cm2 of its surface exposed to the plasma. The
active cross field breakdown region is in the 1 cm anode-cathode gap
located between the two end plates.

The lower end plate also serves as a preionizer. It is biased
5 to 10 kV negative relative to the cathode. Electrons are emitted from
the sharp edge at its top by field emission. This provides a sufficient
number of initial carriers to eliminate any significant jitter in the
start-up time of the tube. A passive external spark gap is provided to
limit the ionizer voltage when the tube enters the turn-off phase of its
operation.

A photograph of a sealed off 100 cm2 interrupter is shown in
Fig. III-2. The tube is made entirely of metal-ceramic materials andis
bakeable to 400°C. Visible through the glass vacuum envelope is the
stainless steel support cylinder (see Fig. III-1).

The magnetic field is supplied, typically, by a hydrogen thyra-
tron in series with a 2 kV, 1 pf capacitor and a 50-turn magnetic field
coil. A typical test circuit for the tube is shown in Fig. II11-3. The
magnetic pulse lasts approximately 50 psec. During this time the main
capacitor (C) discharges through the inductor (L) and the cross field
tube. The rate of rise of the current is determined by I = (v- Qo)/L
where v is the capacitor voltage and @o is the tube voltage drop (300 to
500 V). The parameters of the circuit, particularly the charging volt-
ages, are adjusted to yield the desired current (Io)' at the time when the
tube begins to turn off.

The fall time of the current during turn off (At) is independent of
the current amplitude. This time is about 5 usec during normal inter-
ruption. Subsequently the voltage across the tube during interruption

rises to a maximum value given by

at z time when the current has fallen to about one-half of its initial

value. Such a set of current and voltage waveforms is shown in

73




ANODE
FLANGE

- H.V.
CATHODE ' FEED-THROUGH

FLANGE — s
s

e GLASS ENVELOPE

OUTER
S.S. CYLINDER

IONIZER
FEED-THROUGH
ASSEMBLY

/He BOTTLE

2159-17

2

Sealed 0ff 100 cm® Interrupter Tube.




e B-FIELD COIL
L
+ FT
AFT ¥ ce
i R

20 M2
;— ~W—» -5 kV

TR
] v

5C22

2159-16

Fig. 31. Interrupter Tube Test Circuit.




Fig. 1lI-4. This oscillogram shows three superimposed and chopped
traces obtained with XFT-100-2.

After this photograph was taken, a circuit was designed to trig-
ger the tube when the capacitor voltage v reached a preset value. This
stabilized the peak current to the point that a series of 1000 consecutive
shots was run at over 500 A and 40 kV without any failures. No capaci-
tor or spark gap was used to limit the voltage rise across the tube. It
is generally true that all of the tubes tested did not require any sort of
V limiter. Since the peak voltage of 40 kV was reached in about
2.5 pusec, one may assign a V of 16 kV/usec to this series of shots.

The principal cause of jitter was found to be variations in pres-

_.sure. These tubes usually pump themselves down (gas clean-up) during

operation. The normal operating range is 36 to 60 mTorr of helium.
If the pressure is held to +3%, one may expect the jitter in turn-off and
turn-on times will be less than one microsecond.

At reduced pressures the voltage and magnetic field ranges
within which the tubes will operate are derated in a complicated manner.
The current growth rate is affected and subsequently the magnetic field
pulse shape internal to the cathode (bothk in space and time) is critical.
Figure III-5 depicts the ignition characteristics for two tubes with nor-
mal (~50 mTorr) and low (~30 mTorr) pressures. The minimum voltage
at which the current will start is 350 to 500 V and the magnetic field on
the order of 120 G.

When the magnetic field is held on by using a dc rather than a
pulsed power supply, the breakdown curve is shown in Fig. III-6. Also
shown is the effect of distorting the magnetic field by tilting the field
coil by 9°. Two branches are observed. Inside the upper branch, the
tube has a high voltage drop during conduction. The dotted portion is
where that voltage drop just equals the applied voltage. To the right of
the upper branch the tube will not conduct until the magnetic field is
made large enough to cause ignition in the lower branch.

Once all the external parameters, such as voltage, pressure,

peak current, magnetic field pulse shape, etc., have been established,
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there remains the problem of conditioning the tube. Since successful
operation of the cross-field tube relies upon the correct surface préi:er-
ties of the cathode and anode, care must be taken in starting with a clean
surface and preserving that surface. In practice, the tubes are chemi-
cally cleaned, assembled, evacuated, and baked out. Following this,
the surfaces are aged under operating conditions until the arcing ceases
to be random. It may be assumed that contaminants are both sputter
buried on the anode and distributed in regions where the plasma is not
active. By stepping up the current density slowly, one eventually estab-
lishes a point at which the arcs become predictable.

Empirically, arcs occur during the turn-off phase of the current
pulse. The voltage rises to approximately one-half of its peak value
and then abruptly drops to near zero, while the current stops falling and
rises according to how much voltage remains in the driving capacitor.
These arcs are characteristic of the upper performance levels of the
tube although the same phenomenon may occur at lower levels, e.g.,
Fig. III-7(a). By reducing the peak current a few percent, arcs will not
occur and the voltage will rise uninhibited to its peak value.

The time at which arcs occur corresponds to the maximum of
the electric field which is believed to exist in the plasma sheath between
the cathode and the plasma. Figure III-7(b) shows the relative arcing
probability for values of the current after the peak current has been
reached, i.e., the abscissa maps onto points on the falling current of
Fig. III-7(b). The electric field should scale as the current density j
squared times the tube voltage ¢

[)
z ~(i%) "

A comparison of a contour of constant E and the maximum current den-
sity and peak voltage obtained with several tubes and circuit configura-
tions is shown in Fig. III-8. The phenomenon which restricts the I, V
operating range of the tube is thought to be field emission induced arcs.

Therefore, surface roughness, which is a statistical property of the tube
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after each good shot, will affect the outcome of the next shot. It is not
known if the data shown in Fig. III-8 are entirely representative of all
cathode materials, or if surface roughness can be reduced by precondi-
tioning procedures not yet attempted. The spark gap referred to in
Fig. III-8 is the parallel gap used to limit the peak voltage. When it is
not used, all the inductor energy is dissipated inthe tube.

A power conditioning circuit has been constructed (separate from
this contract effort) for the purpose of running a 100 cm2 tube at high
rep rate (~5 Hz). The circuit diagram is shown in Fig. III-9, and a
photograph of the portable unit in Fig. III-10. The triggered vacuum
gap (TVG) is used to allow current to rise in the inductor and to simu-
late a bypass switch. After about 2 msec, the current has reached a
maximum of 500 A and the tube (XFT) is turned on. The 50 pf capacitor
discharges through the XFT and applies a reverse voltage on the TVG.
This temporarily quenches the current flowing through the TVG and
transfers it to the 50 pf capacitor and XFT. After about 50 to 60 us,
the TVG is deionized and the XFT is turned off. The voltage rises and
the spark gap transfers the current to the load, in this case a 100 &
resistor. Since the inductor was chosen to store about 750 J, the decay
time of the current is long compared with the time required for the volt-
age to reach 50 kV. Simultaneous traces of the current and voltage are
shown in Fig. II-11. Figure III-12 shows operation of a tube at approx-
imately 5 Hz. The solid circles on Fig. III-8 represent operating points

at this repetition rate.

2. 500 cm2 Tube

Figure III-13 is a line drawing of the 500 cmZ tube now in
operation at over 2000 A and 50 to 60 kV. A photograph of this tube
(XFT-500-3) is shown in Fig. III-14. The cathode material is zireconiusn.
The other principal differences between it and the 109 cm2 tubes, besides
the area, are the small ionizer electrode and the internal magnetic field

coil. The design of the internal field coil appears to have been a failure.

The most likely cause was field errors near the feed-ins to the single
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